Summary. Mitotic recombination has been used as a tool for detecting cell differentiation mutants in clones of heterozygous individuals. With this method, previously mutagenized (ethyl methanesulfonate) genomes can be screened for mutants, induced anywhere in the genome, in a first generation, and irrespectively of being lethal themselves or present ina lethal chromosome. Induced mitotic recombination was used again in order to give the chromosome arm location and recombinational locus.
Introduction
Genetic mutants have been used for a long time as dissecting tools in biological processes. In microorganisms, the pioneer work of Beadle and Tatum (1945) led to the sequence analysis of metabolic pathways and similar approaches have been applied to the analysis of morphogenesis in phages (Epstein et al., 1963) and sporulation in bacteria (Halvorson, 1965) . Comparable analyses in higher organisms are restricted to those, as Drosophila, in which genetic variables and techniques are already available. Thus, in this organism the meiotic processes (Sandler et al., 1968) and the physiological basis of behaviour (Benzer, 1967) are presently under study. The general method consists in inducing mutants and selecting those which affect a well defined step in the process under investigation.
When the screening procedure is carried out in the adult, it will be impossible to detect potential mutants in these processes which have a lethal phenotype.
Since about 90 % of the Drosophila loci are susceptible of mutating to a lethal condition (Lifschytz and Falk, 1969; Judd et al., 1972) other methods have to be devised to make possible this mutant analysis of biological processes affecting viability. Thus, the discovery by Suzuki et al. (1967) that a fraction of the lethal mutations have a permissive temperature greatly helped the genetic analysis of development.
Cell differentiation and morphogenesis are processes suspected of being controlled by genes which will result in lethal phenotypes when in mutant condition. The present work will report a genetic technique which allows us to detect mutants affecting these processes. It will be shown how mitotic recombination can be used to uncover previously induced recessive mutants 1) anywhere in the genome 2) in 9* heterozygous condition and 3) irrespective of being themselves lethal or present in a lethal chromosome. Following induced mitotic recombination the resulting somatic spots can be directly scored in the organ under study and at the microscopic level. This results in an early and clearcut description of the mutant phenotype. We will focus our attention to the study of some new mutants which affect cell differentiation of the adult cuticular structures discovered by this method.
Material and Methods
The detection and isolation of mutants with the present method was carried out in the following steps ( Fig. 1) : Mutagenesis (M), screening (S), chromosome location (CL), meiotic location (ML), and isolation of the mutant (I).
Ethyl methanesulphonate (0.2 % ) was used (Lewis and Bacher, 1968) to mutagenize sperm of wild type (Vallecas strain) males. The treated males were then crossed to attached-X (C(1)M3) females. The F~ males were again EMS treated and crossed to sister females, and this procedure was repeated for three subsequent generations in order to accumulate autosomic mutants. This treatment was given to a number of independent batches of wild type males. The survival ratio of males to sister attached-X females is 0.3-0.4, indicating that the EMS treatment was successful in inducing lethal mutations. In order to avoid the study of mosaic individuals a generation was interposed between the EMS treatment and the screening of mutants.
The males of the 4th generation were crossed to cn bw; ri e 11 ro ca females. The offspring were irradiated (I000 r X-rays, Philips MG 151 :Re; i00 Kv, 15 mA, 150 r/min, 2mm Al filter) in the larval stages in order to induce mitotic recombination in their growing imaginal anlagcn. The adult males of this generation were singly mated to females carrying the balancer chromosomes SM5, Cy cn/T(2,3) apXa/TM2, Ubx e (or TMI, M6 ri). Once the offspring of these males were ensured the males were sacrificed and one by one cooked in 10% ](OH and mounted in Euparal for microscopic examination. Both dorsal mesothoracic structures and tergites were screened for possible clones showing abnormal cuticular structures. When a given male presented such somatic spots its offspring were saved and the 2nd and 3rd treated chromosomes (cn+; e + or ri +) were kept balanced over SM5 and TM2 (or TM1) in stocks for subsequent study.
The putative mutant chromosomes were again tested by crossing "stock" males to wildtype females and irradiating their offspring larvae. The appearance of spots in e.g. SM5, non-TM 1 individuals was an indication that the third was the mutant carrying chromosome.
We verified the existence of the mutant and ascertained on which autosome the mutant was located. When the existence of a true mutant was confirmed and its chromosomal assignment known, meiotic and mitotic recombination analyses were carried out in order to estimate its location (Fig. 1) .
In order to estimate the meiotic location, the mutant-carrying chromosomes (2nd or 3rd) were put in heterozygous condition with standard multiple-marked chromosomes (al dp b prc px sp in the 2nd chromosome, or ruh th st cu sr es ca in the 3rd). Such heterozygous females were then backcrossed to the same multiply-marked stock and the larvae of this mating were irradiated. The adults of the different classes were studied for the appearance of the mitotic recombination spots of the new mutant. In this way the chromosome interval in which the mutant was located was defined. The frequency of spot-carrying flies in the left and right crossovers within this interval was used to give a more exact meiotic location.
The location of the new mutants in the mitotic chromosome was carried out in a similar way to that used to locate previously existing cell marker mutants (Garica-Bellido, 1972) . Trans heterozygous individuals of a known and of a new mutant of the same chromosome arm were irradiated and the frequencies of single and twin spots were estimated. Only large spots of trichomes and with 2 or more chaetes in the tergites are considered in the present evaluation. The frequencies of single spots of the distal mutant relative to the frequency of twins was used to give the relative location of both mutants in a mitotic map (see p. 125). Mutants and chromosomes used are described in Lindsley and Grell (1968) . An estimation of the frequency of autosomal lethals induced by the described treatment was also carried out. 13 out of 20 second and 13 out of 20 third chromosomes were found to be lethal, which corresponds to a frequency of 1.05 lethals in each chromosome, assuming that lethals will appear following a Poisson distribution. Since the new mutant can be lethal itself or be present in a lethal-carrying chromosome, a viability test of the mutant was carried out by crossing the comp]ementary left and right meiotic recombinant classes carrying it (Fig. 1) . Presumptive alleles of already defined mutants were tested in crosses of both mutantcarrying chromosomes. The appearance of the mutant phenotype in adult flies or, alternatively the lack of the hybrid class has been used as a criterium for allelism.
Results

E//ieieney o/ the Method
The X-ray dosis, the moment of irradiation and the location of the mutants along the chromosome are relevant to the efficiency in which cell differentiation or morphogenetic mutants can be detected with the present method. Doses higher than 1000 r X-rays induce larval mortality and sterility of the adult males. The frequency of mitotic recombination induced by irradiation increases logarithmically along larval development in the wing disc (Garcia-Bellido and Merriam, 1971a) but remains constant in the tergites (Garcia-Bellido and Merriam, 1971b) . The clone size in the tergites is also constant, corresponding to 1/16 of the adult hemitergite. However, in the wing disc clone sizes decrease with increasing age. We have chosen the ]arval period of 24 48 hrs before puparium formation for irradiation, because at this age clones large enough to make them easily detectable in the wing (10-40 cells), appear in a high frequency.
The location of the mutant in the chromosome is also relevant to the frequency with which it can be detected in somatic spots. Spots of the mutant mwh appear, following 1000 r X-irradiation in the chosen period, with a frequency of 3 per wing and 1,4 per abdomen (Garcia-Bellido and Merriam, 1971 a, b) . Other mutants may appear more or less frequently than mwh depending on their location in the chromosomes. The lowest known frequency of recombination was that of Ki--a mutant located very close to the~heteroehromatin of the 3 R chromosome arm---corresponding to 1/4 of that of mwh (Garcia-Belhdo, 1972) . Thus, new autonomous cell differentiation mutants have a high theoretical probalility of being detected in spots in either thorax or abdomen.
Morphogenetic mutants can also be detected with this procedure. They correspond to normally differentiated structures arranged in an abnormal pattern. However, either they manifest themselves in small somatic spots or they must be screened in mitotic recombination events induced earlier. Some morphogenetic mutants detected by this method will be described elsewhere.
So far 1504 males have been screened for somatic spots, and 141 stocks were made with putative mutant carrying genomes. So far only 114 out of the 141 stocks have been outcrossed for verification of the existence of a cell differentiation mutant. 93 of them did not show any clones of the first observed phenotype in any of at least 20 flies of their offspring. The 21 remaining stocks presented, in out-crosses, spots of the first observed phenotype in most of the individuals (average 80%) of the irradiated offspring. Thus, considering that only 114 stocks were tested, we estimate that 1.7 % of the originally screened males carried a cell differentiation mutant.
Out of these 21 mutant-carrying genomes, 8 have not yet been completely studied. The genetic and phenotypic analysis of the remaining 13 constitutes the core of the present paper. Tests for allelism were positive in 8 out of these 13 mutants. 4 probably correspond to the same mutational event because they were discovered in different males of the same batch of treatment. Another 4 correspond to independently induced alleles of 3 cell differentiation mutants because they appeared in different batches. In total 9 new mutants corresponding to 1 already known locus and 5 new loci have been isolated and studied in detail. 
Phenotypical Characteristics o/the Mutants
Our a t t e n t i o n was devoted to such m u t a n t s t h a t because of tile clear difference between t h e m and the normal differentiation of chaetes and/or trichomes in the cuticle of the t h o r a x and/or the a b d o m e n cou]d be used as cell m a r k e r mutants. Three m u t a n t s affecting both triehomes and chaetes in either t h o r a x or a b d o m e n have been found: pwn, fir and bld. We give a short description of these m u t a n t s below.
pawn (pwn 2:58, based on 47 recombinants between pr and c; to the left of vg). The chaetes appear truncate p r o b a b l y due to the depigmentation and subsequent loss of the the tip, and the trichomes are pin-shaped with a thick base and a thin t r a n s p a r e n t process (Fig. 2 a -c ) . I t is poorly viable (2%) in homozygous condition. The rare adults have a d a r k brown eye colour. I n these escapers, other cell differentiation abnormalities can be detected, such as a tanning of the cornea cuticle which remains in m o u n t e d flies after K O t t cooking.
bald (bld 3-48 based on 25 recombinants between st and cu; to the left of Ki 47.6). Chaetes, trichomes and cuticle appear depigmented and transparent. The trichomes are long and wooly (Fig. 3a, b, d ). bld is lethal or closely associated c d Fig. 2d-f) . These correspond to a single trichome in the wing surface b u t are arranged into rosettes in the tergites (Fig. 2 d and f) , each rosette corresponding to a single epidermal celI (Gareia-Bellido, 1973) . flare is lethal (or closely associated with one) in homozygosis. Three alleles have been found : t h e y do not complement for viability. The Two other m u t a n t s , cmt ant sdp are visible only in trichomes in either t h o r a x or tergites.
comet (cmt 3-57, based on 35 recombinants between cu and sr. This location has been confirmed in progeny tests with recombinant individuals). Wing cells show several trichome processes similar to those of mwh, b u t in a lower n u m b e r and oriented within a narrower angle (Fig. 3 c and d) . I n the tergites, the character cmt is less clear. Here it is sometimes associated with a slightly depigmented cuticle. cmt is l e t h a l --o r closely associated with a l e t h a l --i n homozygosis. sandpaper (sdp 2-83, based on 53 reeombinants between pr and px, very close to e) produces d e p i g m e n t a t i o n and changes the trichome p a t t e r n only in the tergites. E x t r a processes appear per epidermal cell in the tergite surface. T h e y are following irradiation with 500 r and 1000 r (*). 0nly spot sizes corresponding to 2 or more chaetes in the tergites, and with more than 10 cells in the wing, are considered. In the genetic combinations, the mutant constitutions ~re presented with the proximal mutant first. Ratio a/ab represents the unseor~bility ratio of the distal m~rker (see text). Experiments 14, 10 and t2 taken from long, densely packed and uncombed (Fig. 2 b) . The triehome pattern in the wing and notum is normal, sdp is lethal--or associated with a lethal~in homozygosis. A probable allele of Ki (Ki 72, 347,6) was found as an entire male. Ki and Ki 7~
are phenotypically indistinguishable from each other and both have the same expressivity. No Ki+ flies have been found among 250 offspring of Ki/Ki 7~ females.
The described mutants affect the differentiation of the cuticular elements of both thorax and abdomen in various ways. When more mutants become available, a comparative analysis of their effects will make possible an evaluation of the mechanisms of cell differentiation. The mutants available can already be used to evaluate their possible effects on cell viability during proliferation and the degree of expression or cell penetranee of their character in cells. Since both parameters are important for the use of these mutants as cell markers we will analyze them in some detail.
The seorability of a new cell mutant is given relative to the scorability of a known cell marker mutant (Garcia-Bellido, 1972) . A good test for cell viability of a new cell marker mutant is based on the size of its clones relative to that of another mutant in twin spots. The non-appearance of sdp spots in twin with pwn in the wing surface could be due to lethality of this genotype or to its lack of expression in wing cells. The size of the sdp tergite clones is similar to that of pwn clones. We have not found fir clones larger than 400 cells in the wing although they were expected in a given frequency (see below) in twins with mwh. For clones larger than 20 cells, the size of the fir clones decreases relatively to that of their mwh twins. However, fir clones in the tergites have a normal number of chaetes (fir : 3.6 ; twin yJ4: 3.2, n --22). The viability of the other mutants in either wing or tergites seems to be normal.
The expressivity of the mutant character varies in the different mutants. This parameter can be evaluated for a distal mutant as its expression in spots doubly marked with a proximal mutant (cis experiments), or as the frequency of spots of the distal mutant in twin with the proximal one (trans experiments). In both eases, the existence of single clones of the proximal marker can be due to double crossovers, to the left and right of the proximal marker, or to the lack of expression of the distal marker. Since double crossovers are rare (Gareia-Bellido, 1972) most of these clones of the proximal marker are probably due to the lack of expression or seorability of the distal marker.
A seorability constant can be defined for each mutant as the ratio of single clones of any marker proximal to it relative to the number of twins (trans-expts.) or doubly marked clones (cis-expts.). The ratios of unseorability for the different mutants used in the present analysis are given in Table 1 . These ratios are lower in the experiments where the two mutants doubly mark the clone than in those where both mutants appear in twin spots. Within the doubly marked spots the ratio is lower whenever both mutants affect the same cutieular structure (Expts. 1, 3, 15 and 16). This ratio can be high when one marker affects ehaetes and the other triehomes (Expts. 8, 11, 13 and 18) because of the possibility of triehome clones appearing in regions of the tergites void of ehaetes (see Gareia-Bellido and Merriam, 1971b; Gareia-Bellido, 1972) . Even for such mutants as pwn, fir and bld, which affect both elements, large clones of trichomes can be found without any marked chaetes. The unseorability ratios of the same mutant combinations in trans configuration are much higher (Table 1 ). In the tergites this situation could be due to differentiation in the non seorable regions of any one of the two partners of the twin. In the wing surface, however, where putative twin trichome clones would be visible, these unseorability ratios are surprisingly high (Expts. 14b and 17b) requiring other explanations for the lack of one of the partners. The unscorability ratios are in general low: average of 0.05 for the doubly marked clones and of 0.12 for the twins, excluding the unscorability ratios of experiments 5, 6 and 17 a because of the following reasons. From experiments 17 a and b (Table 1) we can conclude that whereas cmt is normally scorable and viable in the wing, it possibly does not express itself fully in the tcrgites. The unscorability ratio of sdp in experiment 7 is normal whereas it is very high in experiment 6. Experiments 6 and 5 share the same proximal marker, stw a and the high unscorability ratio of both experiments could be due to variegation of the stw phenotype. Two other facts point to the same conclusion. The frequency of spontaneous spots of stw is higher than of the distal marker yS2 (Garcia-Bellido, 1972) , and in non-irradiated controls of experiment 5 we have found as many as 5 single stw spots and only 2 stw-pwn twins (N = 88 abd).
Location in the Mitotic Map
The described cell differentiation mutants can be used as cell marker mutants in clonal analysis. For this purpose the location of these mutants in the mitotic map is desirable. In a former paper (Garcia-Bellido, 1972) we analyzed the absolute and relative frequencies of mitotic recombination of a series of known cell marker mutants in order to construct a mitotic recombiantion map. The relative location of these mutants in the chromosome was only possible in those cases in which several mutants of the same chromosome arm were available. With the new mutants found, a more complete mitotic map is now possible. As discussed in that paper, the tergi~e system is the most appropriate for a comparison of frequencies of induced mitotic recombination of different cell markers. Since the frequencies of spontaneous recombination are about 10 times lower than for 500 r X-irradiation (Garcia-Bellido, 1972), we will consider in the present analysis only data of irradiation experiments.
To give the relative location of a mutant with respect to any other in the same chromosome arm, the actual number of recombinational events between the centromere and the proximal marker (centromeric distance) and between the latter and the distal marker (mutant distance) should be known. This number can be given as the fraction in percent of the distal or proximal crossovers relative to the total (proximal and distal). This number does not result directly from the scoring of distal and twin (or doubly marked) spots because single spots of the proximal marker also occur. Their existence indicates that twins or doubly marked clones go sometimes unseored and the same reasoning would lead to the conclusion that also distal crossovers may go undetected. A correction of the observed numbers involving the evaluated scorability constant of each mutant would improve the accuracy of the method. However, as seen before, the unscorability ratio is 1) different for the same mutant depending on the organ considered 2) varies in the cis or tran8 experiments and 3) the unscorability ratio for proximal mutants cannot be ascertained. Thus, considering the unscorability ratio low (around 10%) and similar--within reasonable limits--for any pair of mutants, their values will affect in a similar way both factors of the fraction mentioned above.
Thus, we will then ignore the existence of single spots of the proximal marker in this calculation. The relative frequencies or "distances" between mutants can now be converted into units. We can consider the frequency of mitotic recombination of the most distal marker in a given chromosome arm as 100 and so map it in locus i00. Then the location of any intercalary mutants can be given relative to their neighbours. A mitotic locus can now be assigned to any new cell marker 42 mutant knowing the frequency of recombination between it and any closely located mutant used as reference. The locus of a new mutant will be that of the mutant of reference multiplied by the percent of recombination proximal to the proximal mutant (eentromeric distance) when the new mutant is proximal, or multiplied by the reciprocal of this distance when the mutant of reference is the proximal one ( Table 2 ). The sequence of the mutants in the chromosome can be deduced both from meiotic location and from the theoretical expectation of more single clones of the distal marker than of the proximal one. A preliminary map of the available cell marker mutants in chromosome arms i L, 2 R, 3 L and 31~ can now be constructed taking in account the previous considerations. We have used the data of either the cis or trans, experiments when only one genetic combination was available and a mean of the data of both combinations in the other instances (Table 1) .
In the first chromosome 3 cell markers are available. The mitotic recombination distance between y and sn is 19% and between y and / is 24%. A direct estimation of the distance between sn and ] is not easy because of their similar phenotypes. We propose the locus 100 for y, 81 for sn and 76 for [.
In the 2L chromosome arm the only available cell marker is y in the Dp(1 ;2) sc 19, y+ (Garcia-Bellido, 1972) .
In the 21~ chromosome arm 4 markers are available. The mitotic recombination distance in trans experiments between sdp and Dp(1;2)sc s2, y+ is 37%, between pwn and sdp it is 48 %, and between stw and pwn it is 20 %. Thus, we propose the locus for yS2, 63 for sdp, 33 for pwn and 26 for stw. The distance between stw and sdp is 64 % which will give 23 as the locus for stw using sdp as reference. It is not very different from the one calculated using pwn as reference (Table 2 ). In the 3 L chromosome arm 4 markers available, and in several instances in both cis and trans experiments. Using these data, the distance between y J4 and mwh is 8%, between mwh and ?'v is 23%, between ?'v and ]lr is 31%. These distances correspond to loci 100, 92, 71 and 49 respectively. The relative distances between mwh and fir were studied in a trans experiment. We found a distance of 42 % in the tergites and of 44% in the wing surface (Table 2) . From these data we obtained 52 as the locus for fir using mwh as reference. The difference with the location using ?'v as reference is due to the fact that the ?'v locus results from a mean of cis and trans data.
In the 31~ chromosome we have so far 4 cell markers, which were studied in trans experiments. Due to the phenotype of these mutants only some combinations (Table 2) can be scored.
Since Sb ist the most distal marker known and maps cytogenetically in the middle of the 3R chromosome arm, we arbitrarily assigned to it the locus 50. Between bld and Sb there is 53 % recombination and the distance between bld and Ki is 12 %. Between bld and cmt there is 43 % of recombination but, due to the low scor~bility of the available cmt allele in the tergitcs we studied these clones in the wing surface also (Table 2) . Here the frequency of recombination between bld and cmt is 39 %. According to these data, including those of cmt in the wing, the following loci can be assigned: Sb 50, cmt 39 Ki 27 and bld 24. The distance between cmt and Sb (Experiment 18) on the other hand is 15%, which corresponds to 42 as the locus of cmt using Sb as reference, not very different from the locus calculated using bld as reference.
The calculated mitotic locations of all cell marker mutants studied are represented on a linear map in Fig. 4 . Since the new mutants do not have a known cytogenetic location, a comparison of this mitotic recombination map with the cytogenetic map is not yet possible. However, the present results reinforce previous conclusions (Garcia-Bellido, 1972 ) that mitotic recombination takes place in euchromatic as well as in heteroehromatic regions of the mitotic chromosomes, probably in frequencies proportional to the amount of chromatin. These data obtained in the tergite system, seem to be extensible to other developing imaginal anlagen, such as the wing disc. Some genetic combinations with cell marker mutants, scorable in both tergite and wing structures, show similar recombination distances (Table 2 , and Garcia-Bellido and Merriam, 1971 a).
Discussion
The described method of detection and isolation of mutants is based on the utilization of the heterozygous constitution (entire individual) as the" permissive" condition, and the homozygous constitution (somatic recombinant spots) as the "restrictive" one. In this way lethals, or viable mutants present in lethal chromosomes, can be directly studied by their effects on cells. This procedure permits the scoring of new mutants 1) in the first generation following some mutagenic treatments, 2) irrespectively of their location anywhere in the genome. These procedural advantages appear again in the processes of isolation and meiotic location of the mutant.
This method was applied here to screen for mutants with variable effects in the differentiation of adult cuticular structures of two organs: the dorsal mesothorax and the tergites. Thus, 13 cell differentiation mutants have been detected out of 114 putative mutation carrying males. They correspond to 5 new mutants and 4 alleles. These mutants affect differentiation of cuticnlar elements in thorax and/or abdomen structures in different ways. When more mutants of this type are accumulated, a comparative analysis of cell differentiation processes will be possible.
The 5 new mutants show a good penetrance of their mutant character in cells, and along with other known mutants of similar characteristics, can be used as eellmarker mutants both in clonal analysis of development and in general problems of genetics of somatic cells. The usefulness of cell marker mutants in genetic analysis of development is already sufficiently documented (see Stern, 1968) . However, their utilization in problems of somatic cell genetics is still in its beginnings.
Thus, the causal mechanisms of mitotic recombination (Stern, 1936) , the organization of the interphase chromosome, e.g. the relative location of the cell marker mutants in the mitotic map and its relationship to the mitotic chromosomes (Fig. 4, and Gareia-Bellido, 1972 ), the pairing properties of different segments of the euchromatin (Becker, 1969; Merriam and Garcla-Bellido, 1972 ) and heterochromatin (Garcla-Bellido and Ripoll, in preparation) , and the behaviour of aneuploid constitutions , of deficiencies (Demerec, 1934) , and of zygotic lethals (Ripoll and Garcla-Bellido, 1972 ) are now being explored.
In principle, it is possible to extend these techniques to the detection and identification of mutants affecting cellular processes--mitosis, cellular adhesiveness, cellular metabolism, drug and virus resistence, etc.--m growing blastemas, or in cellular cultures, of any organism in which mitotic recombination can be experimentally induced.
